States with a median survival of <6 mo and a dismal 5-yr survival rate of 3%-5%. The cancer's lethal nature stems from its propensity to rapidly disseminate to the lymphatic system and distant organs. This aggressive biology and resistance to conventional and targeted therapeutic agents leads to a typical clinical presentation of incurable disease at the time of diagnosis. The well-defined serial histopathologic picture and accompanying molecular profiles of PDAC and its precursor lesions have provided the framework for emerging basic and translational research. Recent advances include insights into the cancer's cellular origins, high-resolution genomic profiles pointing to potential new therapeutic targets, and refined mouse models reflecting both the genetics and histopathologic evolution of human PDAC. This confluence of developments offers the opportunity for accelerated discovery and the future promise of improved treatment.
stasis through the secretion of hormones into the bloodstream, is composed of four specialized endocrine cell types gathered together into clusters called Islets of Langerhans.
Mirroring the physiologic and cellular diversity of the pancreas is a spectrum of distinct pancreatic malignancies that possess histological and molecular features that recall the characteristics of the various normal cellular constituents. These multiple tumor types and hallmark features are summarized in Table 1 . Pancreatic ductal adenocarcinoma (PDAC), whose nomenclature derives from its histological resemblance to ductal cells, is the most common pancreatic neoplasm and accounts for >85% of pancreatic tumor cases (Warshaw and Fernandez-del Castillo 1992 ; D. . PDAC is the focus of this review, and the reader is directed to the following excellent review covering other pancreas cancer types (Hruban et al. 2006b ).
Epidemiology of PDAC
PDAC is associated with only a few known demographic and environmental risk factors and a handful of autosomal dominant genetic conditions. Multiple studies have established advanced age, smoking, and long-standing chronic pancreatitis as clear risk factors; diabetes and obesity also appear to confer increased risk (Everhart and Wright 1995; Fuchs et al. 1996; Gapstur et al. 2000; Michaud et al. 2001; Berrington de Gonzalez et al. 2003; Stolzenberg-Solomon et al. 2005) . Increased risk has also been documented in relatives of PDAC patients, and it is estimated that 10% of PDAC cases are associated with an inherited predisposition based on familial clustering (Schenk et al. 2001; Petersen and Hruban 2003) . Correspondingly, germline mutations have been linked to familial PDAC, including those targeting the tumor suppressor genes INK4A, BRCA2, and LKB1, the DNA mismatch repair gene MLH1 and the cationic trypsinogen gene PRSS1 (Whitcomb et al. 1996; Jaffee et al. 2002) . BRCA1 mutation appears to confer increased susceptibility to PDAC, albeit with a lower associated risk than BRCA2 (Thompson and Easton 2002) . Given the low penetrance of PDAC and the typical age of onset associated with the above germline mutations, these genetic lesions appear to impact malignant progression of precursor lesions rather than cancer initiation. Supporting this hypothesis, INK4A and BRCA2 mutations are not detected in the earliest sporadic PDAC premalignant lesions but are only found in the later intermediate or advanced pancreatic intraepithelial neoplasm (PanIN) lesions (Wilentz et al. 1998; Goggins et al. 2000) . Additionally, mice engineered with germline INK4A mutations do not develop PDAC unless combined with activated K-RAS mutations (see below).
The germline mutations listed above are estimated to account for <20% of PDAC-prone familial cases. It is clear that additional novel disease predisposition genes exist as evidenced by rare families in which PDAC is inherited as an autosomal dominant trait with high penetrance (Lynch et al. 1996) . In one family, the 4q32-34 locus has been linked to the development of diabetes, pancreatic exocrine insufficiency, and PDAC with a penetrance approaching 100% (Eberle et al. 2002) . The gene associated with this syndrome has yet to be identified. Furthermore, genes that predispose to pancreatitis are associated with increased occurrence of PDAC. In patients with hereditary pancreatitis caused by germline mutations in the cationic trypsinogen gene PRSS1, there is a 53-fold increased incidence of PDAC (Lowenfels et al. 1997) . Another link has also been forged between mutations in the cystic fibrosis gene (CFTR) and PDAC. Heterozygous CFTR mutations are associated with chronic pancreatitis, a known risk factor for pancreatic cancer. Recently, a direct link between CFTR mutation and cancer has been posited with the detection of a mutant allele in early-onset PDAC cases. Previous studies had not conclusively identified such a link, but may have been limited by smaller numbers of cases and more limited mutational analysis (Neglia et al. 1995; Sharer et al. 1998; Malats et al. 2001; Matsubayashi et al. 2003; McWilliams et al. 2005) . While the question as to how these separate genetic conditions lead to PDAC remains to be fully understood, the clinical observation of exocrine insufficiency and pancreatitis as a common patho-physiologic process leading to PDAC is compelling. Exocrine organ dysfunction and pancreatitis could promote tumorigenesis in part by promoting the local release of growth factors, cytokines, and reactive oxygen species (ROS), thereby inducing cell proliferation, disrupting cell differentiation states, and selecting for oncogenic mutations. The observation that activating K-RAS mutations are detectable in up to a third of patients with chronic pancreatitis is consistent with this hypothesis (Lohr et al. 2000) . Further evidence from mouse models also suggests the presence of a ductal precursor cell population that undergoes expansion in response to organ damage (see below in section Origins of Pancreatic Cancer). In states of pancreatic inflammation or damage, an expanded "stem cell"-like compartment could represent a subpopulation of cells susceptible to oncogenic transformation upon somatic mutation of key proto-oncogenes and tumor suppressor genes (Beachy et al. 2004 ).
Morphological characteristics of PDAC and evolving pancreatic neoplasms
PDAC commonly arises in the head of the pancreas with infiltration into surrounding tissues including lymphatics, spleen, and peritoneal cavity, and with metastasis to the liver and lungs. The disease is characterized by the presence of a dense stroma of fibroblasts and inflammatory cells, termed desmoplasia. Pancreatic stellate cells, a subpopulation of cells in the normal pancreas with fibroblast characteristics, have been observed in experimental models to respond to pancreatic injury and may contribute to the desmoplastic response in the setting of cancer (Jaster 2004) . PDAC primarily exhibits a glandular pattern with duct-like structures and varying degrees of cellular atypia and differentiation (Fig. 2) . Less common subtypes of PDAC include colloid, adenosquamous, or sarcomatoid histology. Often within an individual tumor, there are regional differences in histology, tumor grade, and degree of differentiation. Even the smallest primary lesions commonly exhibit perineural and lympho-vascular invasion, suggesting a propensity for early distant spread.
Clinical and histopathologic studies have identified three PDAC precursor lesions ( Fig. 2) : PanIN, mucinous cystic neoplasm (MCN), and intraductal papillary mucinous neoplasm (IPMN) (Brugge et al. 2004; Maitra et al. 2005) . Of these precursor lesions, the most common and extensively studied is PanIN, which is found in the smaller-caliber pancreatic ducts. Surveys of pancreas specimens from autopsy studies and surgical resection cases have suggested that PanINs are a common finding in older adults, occurring in as many as 30% of specimens. A documented increased incidence of PanINs in patients with PDAC initially suggested their biologic relationship. PanINs show a spectrum of divergent morphological alterations relative to normal ducts that seem to represent graded stages of increasingly dysplastic growth ( Fig. 2 ; Hruban et al. 2000a Hruban et al. , 2001 Maitra et al. 2005) . PanINs are graded from stages I to III, with the earliest stage characterized by the appearance of a columnar, mucinous epithelium and with increasing architectural disorganization and nuclear atypia through stages II and III (Figs. 2, 4 [below] ). The high-grade PanINs ultimately transform into frank PDAC with evidence of areas of invasion beyond the basement membrane. Several molecular profiling studies have subsequently reinforced the PanIN-to-PDAC progression model through documentation of an increasing number of gene alterations in higher grade PanINs ( Fig. 2 ; Klimstra and Longnecker 1994; Moskaluk et al. 1997; Heinmoller et al. 2000; Hruban et al. 2000b Hruban et al. , 2001 Wilentz et al. 2000; Yamano et al. 2000; Luttges et al. 2001; Maitra et al. 2003) .
Less common precursor lesions are MCNs and IPMNs. MCNs are large mucin-producing epithelial cystic lesions that harbor a distinctive ovarian-type stroma with a variable degree of epithelial dysplasia and focal regions of invasion. IPMNs resemble PanINs at the cellular level but grow into larger cystic structures. Of interest, two subtypes of invasive cancer have been found in association with IPMNs; typical PDAC, and a colloid type characterized by copious mucin production. Among IPMNs and MCNs, both common and distinct molecular events in comparison with PanINs have been described, suggesting that each precursor lesion may reflect variations on a common theme of malignant transformation of the duct ( Fig. 2 ; Sato et al. 2001b Sato et al. , 2004a Adsay et al. 2004) . Along these lines, expression profiling has revealed several up-regulated genes commonly associated with PanINs, IPMNs, and PDAC, pointing toward key shared molecular events (Crnogorac-Jurcevic et al. 2002; Sato et al. 2004b; Prasad et al. 2005) . How these PDAC precursor lesions relate to each other, their common or separate cellular origins, and whether each type leads to distinct molecular and biological PDAC subtypes remain to be fully explored.
Molecular genetics of PDAC
The molecular analysis of evolving PDAC has provided a compendium of genetic lesions, often implicating known cancer genes and classical cancer signaling cascades. In many cases, these molecular events have been linked with defined histopathologic stages of PDAC progression. While many of these genetic alterations have been validated in PDAC pathogenesis, major lingering questions center on how these mutations contribute to the tumor biological features of the neoplasms. In the following subsections, we provide a summary of the current state of knowledge surrounding the PDAC signature mutations, their linked pathways, and biological activities.
The K-RAS oncogene and its signaling pathways
K-RAS is a member of the RAS family of GTP-binding proteins that mediate a wide variety of cellular functions including proliferation, differentiation, and survival (Campbell et al. 1998; Malumbres and Barbacid 2003) . Although RAS is a GTPase, its intrinsic activity is inefficient and requires GTPase activating proteins (GAPs) to promote GTP hydrolysis and attenuate downstream signaling. Activating K-RAS point mutations at codon 12 (from GGT to GAT or GTT, and more rarely CGT) results in substitution of glycine with aspartate, valine, or arginine. These mutations are the first known genetic alterations, occurring sporadically in normal pancreas tissue, and are detected in ∼30% of early neoplasms with the frequency rising to nearly 100% in advanced PDAC (Klimstra and Longnecker 1994; Rozenblum et al. 1997) . Consistent with a central pathogenic role of the K-RAS G12D mutation, mice engineered with pancreasspecific expression of this activated K-RAS allele sustain classical PanIN lesions that can progress to PDAC in the appropriate tumor suppressor background (as discussed in depth below).
Although RAS is considered to be an attractive therapeutic target given its prominent role in the genesis of PDAC and many other human malignancies, specific biochemical properties of the protein have made this an elusive goal. Importantly, the hotspots of RAS mutations in human cancer are located near the bound nucleotide and decrease the intrinsic rate of GTP hydrolysis and make the molecule insensitive to GAPs (for review, see Wittinghofer et al. 1997; McCormick 1998) . This results in a constitutively activated molecule that is essentially independent of growth factor stimulation. In contrast to the activating mutations of other oncogenes such as kinases, which increase their catalytic activity, the oncogenic mutations of RAS inhibit its enzymatic activity. Thus, rather than using the traditional paradigm of inhibiting an oncogene's enzymatic function (e.g., c-Kit, EGFR, HER2/Neu), an effective RAS antagonist would increase the GTPase activity of RAS or make it more sensitive to GAPs. There have been attempts to inhibit K-RAS in this malignancy, mainly through inhibition of essential post-translational modifications. Despite showing promise in vitro and in PDAC xenografts (Omer and Kohl 1997) , farnysltransferase inhibitors (FTIs), which inhibit a lipid modification of the C terminus of RAS proteins, have not been clinically effective (Van Cutsem et al. 2004) . Among the explanations for the clinical failure of FTIs, compensatory geranyltransferase activity preserving RAS function has been suggested (Lebowitz et al. 1995; Lerner et al. 1997) .
K-RAS is mutated in nearly all human PDAC specimens (Almoguera et al. 1988 ). Mouse models have convincingly shown that K-RAS mutations are an initiating step in PDAC pathogenesis (see below on mouse models), and detailed pathological studies have demonstrated that K-RAS mutation is one of the earliest genetic events seen in human PanIN progression (Moskaluk et al. 1997) . The essentiality of K-RAS in the maintenance of advanced PDAC is suggested by dominant-negative mutant studies (Hirano et al. 2002) . More recently, RNA interference (RNAi) knockdown studies have provided complementary evidence that K-RAS plays a vital role in PDAC maintenance (Brummelkamp et al. 2002; Fleming et al. 2005) . Additional genetic evidence will be needed to address the specific biological role of K-RAS across the progressive stages of this cancer.
Activated K-RAS engages multiple effecter pathways, notably the RAF-mitogen-activated kinase (MAPK), phosphoinositide-3-kinase, and Ral GDS pathways ( Fig.  3 ; for review, see Campbell et al. 1998) . Given the aforementioned difficulties in K-RAS inhibition, these downstream targets may provide alternative effective points of therapeutic intervention and thus are the focus of ongoing studies in pancreatic specific systems.
Raf-Mapk. The RAF family of serine/threonine kinases, which are bound by activated RAS, lead to MAPK/ ERK kinase activation through a series of phosphorylation events resulting in proliferative phenotypes in a variety of cellular systems (for review, see Baccarini 2005) . The importance of RAF in cancer has come to light with the identification of activating B-RAF mutations in many malignancies,including melanoma, papillary thyroid, colorectal, and serous ovarian cancers. Interestingly, B-RAF and RAS mutations appear to be mutually exclusive in these cancers (Davies et al. 2002; Garnett and Marais 2004) . B-RAF mutations are rare in PDAC but are present in ∼33% of the histologically distinct pancreatic medullary carcinomas, which are characterized by wild-type KRAS and DNA mismatch repair defects (Calhoun et al. 2003; Ishimura et al. 2003) .
Inhibition of MAPK, either through the use of dominant negatives or pharmacological inhibition of the upstream activator MEK, results in decreased proliferation of PDAC cell lines and cell cycle arrest (Hirano et al. 2002; Gysin et al. 2005 ). This arrest may be mediated through increased expression of p27KIP1, as RNAi-mediated knockdown of p27KIP1 partially abrogates this growth arrest effect. Kinase suppressor of RAS (KSR) is a scaffolding molecule important in RAS signaling that mediates activation of the MAPK pathway (for review, see Ory and Morrison 2004) . Antisense neutralization of KSR can inhibit proliferation, soft-agar growth, and invasion of cultured PDAC cells. Additionally, infusion of KSR antisense oligonucleotides causes PDAC xenograft regression and, in some cases, pretreatment with the oligos resulted in complete regression of tumors even after treatment was discontinued (Xing et al. 2003) . These inhibitory effects were likely through the MAPK pathway, as transduction of activated RAF was able to restore invasion and transformation.
Phosphoinositide 3-kinase (PI3K) pathway. The PI3K signaling pathway, which can be activated by RAS (Rodriguez-Viciana et al. 1996) , regulates cell survival, size, and proliferation via several downstream effectors including AKT, p70-S6K, and the small GTPase, RAC (for review, see Cantley 2002; Vivanco and Sawyers 2002) . Mutations in the PI3K pathway that are common in other cancer types, including activating mutations of the catalytic subunit of PI3K and loss-of-function mutants of the PTEN tumor suppressor, have not been commonly observed in human PDAC (Okami et al. 1998; Samuels and Velculescu 2004) . Mounting evidence, however, has pointed to the general importance of this pathway and its downstream signaling elements in PDAC. There are reports of decreased PTEN expression in PDAC, possibly due to promoter hypermethylation (Asano et al. 2004) , and conditional knockout studies of PTEN in the pancreas have produced PDAC in a small percentage of mice (Stanger et al. 2005 ). In addition, microinjection experiments of mutant K-RAS into cultured primary pancreatic ductal cells elicit an increase in proliferation and cell size that is mediated through PI3K and mTOR (Agbunag and Bar-Sagi 2004) . Lastly, activation of the PI3K pathway appears necessary and sufficient to maintain oncogenic RAS-transformed xenograft tumors after the elimination of RAS expression .
The PI3K downstream effector AKT2 is amplified in 10%-20% of PDAC, providing genetic evidence supporting the pathway's importance in this tumor type (Cheng et al. 1996; Ruggeri et al. 1998; Altomare et al. 2003; Schlieman et al. 2003) . Functionally, the significance of this amplification has been suggested in PDAC cell lines through the use of antisense oligonucleotides, which inhibit the growth of PDAC lines in xenograft assays (Cheng et al. 1996) . Additionally, pharmacological inhibition of PI3K appears to increase the sensitivity of PDAC cell lines to chemotherapy as well as TNF-␣-induced apoptosis, and diminishes serum-induced proliferation (Ng et al. 2000; Perugini et al. 2000; Shah et al. 2001) . The mammalian target of rapamycin (mTOR), which acts downstream of AKT2, has been shown to be activated in PDAC. Treatment with an mTOR inhibitor impedes growth of several PDAC cell lines (Asano et al. 2005) . Additionally, rapamycin inhibits PDAC xenograft growth and metastasis possibly through induction of endothelial cell death and tumor vessel thrombosis (Bruns et al. 2004) .
Nuclear factor B (NFB).
The NFB transcription factor may be another important downstream mediator of mutated K-RAS signaling in PDAC . Activation of this pathway occurs in response to a variety of cell stresses through stimulation by proinflammatory cytokines and growth factors, and is known to regulate the immune response, apoptosis, and many other processes (Ghosh et al. 1998; Karin and Ben-Neriah 2000; Hayden and Ghosh 2004) . Constitutive NFB activity is observed in many cancers, where it is thought to contribute to cell survival, angiogenesis, and invasion (Orlowski and Baldwin 2002) .
Most primary pancreatic cancers and cell lines, but not normal pancreas specimens, show constitutive NFB activity Chandler et al. 2004 ). Induction of NFB may directly involve K-RAS signaling since expression of a dominant-negative RAS allele abrogates NFB activity in PDAC cell lines (Liptay et al. 2003) . While NFB induction has been shown to be crucial for RAS transformation of several cell types (Mayo et al. 1997; Arsura et al. 2000) , the NFB subunits RelA/p65 and c-Rel appear to be dispensable for H-RAS-induced transformation of MEFs (Hanson et al. 2004) . A possible mechanism for increased NFB activation may be increased expression of components of the ubiquitin-mediated degradation pathway leading to increased degradation of IB (Muerkoster et al. 2005) . In vitro, NFB appears to play a role in the regulation of cell survival genes, VEGF (vascular endotheial growth factor), urokinase, and other proinvasive or angiogenic factors Xiong et al. 2004 ). The NFB pathway may also contribute to the prominent chemoresistance of PDAC (Dong et al. 2002; Arlt et al. 2003) , perhaps via its capacity to up-regulate BCL-2 and BCL-XL, as well as multiple other anti-apoptotic proteins (for review, see Bharti and Aggarwal 2002) . These diverse roles of NFB highlight the need to further explore this complex pathway specifically in PDAC.
Other Ras superfamily GTPases. The RAS superfamily of GTPases is comprised of at least 150 members and subdivided into five subfamilies-RAS, RHO, RAB, ARF, and RAN. The common and distinct functions as well as the biochemical inter-relationships among the members are complex and are the subject of considerable study (for review, see Mitin et al. 2005) . The RHO family of GTPases is involved in several important cellular processes including actin cytoskeleton rearrangement, cell size, proliferation, survival, polarity, and membrane trafficking (for review, see Gomez del Pulgar et al. 2005; Wennerberg et al. 2005) .
RHO proteins with GTPase-inactivating mutations transform mouse fibroblasts and studies using dominant-negative RHO family mutants have shown that they are necessary for RAS transformation of rodent fibroblasts. Activating mutations of RHO family members have not been demonstrated in human cancers; however, overexpression of RHO-C has been shown to correlate with PDAC tumor metastasis and prognosis (Suwa et al. 1998) . Recent work has also implicated the RHO family in PDAC through the exchange factor VAV1 (FernandezZapico et al. 2005) . Although normally restricted to the hematopoietic system, VAV1 is expressed in PDAC specimens likely through promoter demethylation. Importantly, this ectopic expression correlates with decreased patient survival, and RNAi-mediated knockdown of VAV1 expression suppresses tumorigenicity in xenografts.
RAL GTPases are members of the RAS subfamily and are thought to be downstream of RAS through RAS's capacity to activate RAL exchange factors (for review, see Feig 2003) . Activated RAL and RAL exchange factors enhance RAS-induced cellular transformation, and the dominant-negative mutants inhibit it (Chien and White 2003) . Recently, RAL A was shown to be activated in a variety of PDAC cell lines, and knockdown of RAL A suppressed tumorigenicity of RAS-transformed human cells . The role of RAL proteins in tumorigenesis may relate to the requirement of these factors for maintaining the polarity of epithelial cells through the regulated transport of basolateral membrane proteins (for review, see Camonis and White 2005) . A preponderance of evidence supports the role of K-RAS and many of its downstream effectors in both the initiation and likely the maintenance of PDAC. Given this important place, it is crucial to define precisely which K-RAS effector pathways are important to each aspect of tumorigenesis to guide future therapeutic strategies.
The 9p21 locus and the INK4A and ARF tumor suppressors
Loss of INK4A function-brought about by mutation, deletion, or promoter hypermethylation-occurs in 80%-95% of sporadic PDAC (Rozenblum et al. 1997; Hustinx et al. 2005) . INK4A loss is generally seen in moderately advanced lesions that show features of dysplasia. Germline mutations in INK4A are associated with the Familial Atypical Mole-Malignant Melanoma (FAMMM) syndrome, which is characterized by a high incidence of melanoma, as well as a 13-fold increased risk of pancreatic cancer (Goldstein et al. 1995; Whelan et al. 1995) . The appearance and age of onset of pancreatic adenocarcinoma are variable among FAMMM kindreds with INK4A mutations, indicating a modulating role for environmental factors in disease penetrance (Goldstein et al. 2000; Lynch et al. 2002) . FAMMM kindreds that harbor mutant loci other than INK4A, such as cyclin-dependent kinase 4 (CDK4) alleles that abrogate INK4A binding or other, as yet uncharacterized loci, do not have an increased incidence of PDAC (Goldstein et al. 1995; Borg et al. 2000) , suggesting that INK4A may participate in pancreatic carcinogenesis by additional mechanisms distinct from its regulation of G1 CDK activity.
The 9q21 locus encodes two overlapping tumor suppressors-INK4A and ARF, and their respective protein products p16
INK4A and p19 ARF -via distinct first exons and alternative reading frames in shared downstream exons (Sherr 2001) . INK4A inhibits CDK4/6-mediated phosphorylation of RB, thereby blocking entry into the S (DNA synthesis) phase of the cell cycle; ARF stabilizes p53 by inhibiting its MDM2-dependent proteolysis. Given this physical juxtaposition and frequent homozygous deletion of 9p21 (in ∼40% of tumors), many pancreatic cancers sustain loss of INK4A and ARF tumor suppression pathways. INK4A clearly plays a central role as a PDAC tumor suppressor, as germline and sporadic mutations have been identified that target INK4A, but spare ARF (Rozenblum et al. 1997; Liu et al. 1999; Lal et al. 2000) . Recent mouse modeling studies have begun to shed light on the specific roles of INK4A and ARF tumor suppression pathways in this disease. These studies reinforce the relevance of INK4A in the pathogenesis of PDAC, since INK4A mutations cooperate with KRAS in the development of PDAC and accelerate tumor progression in the setting of concurrent mutations in p53 ). Moreover, ARF was shown to have an independent, cooperative function in PDAC tumor suppression. These mouse studies and the functional interactions of ARF and p53 are discussed in depth below.
INK4A displays a highly restricted expression pattern and is dispensable for normal development and tissue homeostasis (Zindy et al. 1997; Nielsen et al. 1999; Krimpenfort et al. 2001; Sharpless et al. 2001a) . When primary cells are placed into culture, INK4A expression is induced via a presumed stress response to the inappropriate growth environment associated with in vitro culture (Sherr and DePinho 2000; Ramirez et al. 2001) . Similar induction is observed in vivo in association with reactive processes and aging associated with senescence (Nielsen et al. 1999; Krishnamurthy et al. 2004 ). This regulation of INK4A by environmental stress, age, and aberrant proliferative signals provides a plausible basis for its tumor suppression function. A role for INK4A has also been suggested in response to telomere erosion, which is observed in PanINs and is an established stimulus of senescence, although other studies suggest that p53 and INK4A are operative in separate senescent pathways (Beausejour et al. 2003; Herbig et al. 2004; Jacobs and de Lange 2004) .
The genetic evidence of coincident mutations in PDAC and a wide range of other human malignancies (lung, colon, ovarian, melanocytic, etc.) have led to a significant effort in functionally defining the relationship between RAS and INK4A/ARF. In human fibroblasts, robust RAS activation can induce INK4A, which, in turn, results in premature senescence (Serrano et al. 1997; Zhu et al. 1998; Brookes et al. 2002; Drayton et al. 2003 ; for review, see Sharpless and DePinho 2005) , a presumed defense mechanism against oncogene activation. The relevance of these findings has recently been demonstrated in vivo with mouse models in which oncogenic Kras has been expressed in the lung and pancreatic ducts. Kras-induced preneoplastic lung adenomas and PanINs exhibit markers of senescence, including INK4A expression among others, which are then lost in fully transformed invasive lesions (Collado et al. 2005) . Cooperation between activated RAS alleles and the loss of INK4A has been observed in animal models, including PDAC (Chin et al. 1997; Fisher et al. 2001; Aguirre et al. 2003) . This relationship had initially been thought to contribute to the coincident mutations of RAS and INK4A in cancer-namely, that RAS mutation leads to senescence directly through induction of INK4A expression. Thus, mutation in RAS leads to selective pressure for subsequent mutation in the INK4A/ARF locus.
Several lines of evidence suggest, however, that the K-RAS-induced senescent phenotype requires additional cooperating stimuli, as K-RAS activation, in itself, seems to confer a survival advantage in certain cell systems. This is corroborated by studies in mouse cells in which an activated K-RAS allele, expressed at physiological levels, provokes immortalization of fibroblasts in vitro and preneoplastic hyperplasias of the lung and GI track when activated in vivo (Jackson et al. 2001; Guerra et al. 2003; Tuveson et al. 2004 ). The observation that K-RAS induces a proliferative phenotype without attendant senescence and INK4A induction is echoed in studies using very early passage human fibroblasts, which have not had time to experience culture-induced changes, and mouse fibroblasts grown under reduced oxygen tensions and in serum-free media. In both of these systems, which seek to minimize known prosenescent signals such as ROS, growth factors, and culture shock (for review, see Sherr and DePinho 2000) , oncogenic K-RAS alone induced proliferation/immortalization phenotypes and senescence was not observed (Benanti and Galloway 2004; Woo and Poon 2004) . Pathologic/molecular data from human pancreases are also supportive of a proliferative role for K-RAS. K-RAS mutations may be found in nonneoplastic states such as chronic pancreatitis and possibly in normal pancreas (Luttges et al. 1999) . Furthermore, multiple different K-RAS mutations may be detected in individual PanIN lesions, suggesting that these mutants lead to the propagation of clonal populations (Moskaluk et al. 1997; Laghi et al. 2002) . Finally, the loss of INK4A generally occurs in later stages of pancreatic neoplasia, subsequent to the acquisition of K-RAS mutations. Together, these observations point toward the possibility of intermediary events, such as disrupted contacts with the extracellular matrix, elevations in the level of activated K-RAS, concurrent growth factor signaling, or genomic damage from ROS, en route to INK4A loss and the development of frank PDAC.
The p53 tumor suppressor
The p53 tumor suppressor gene is mutated, generally by missense alterations of the DNA-binding domain, in >50% of PDAC cases (Rozenblum et al. 1997) . Consistent with a role in constraining malignant progression, p53 mutation appears in later-stage PanINs that have acquired significant features of dysplasia (Boschman et al. 1994; Maitra et al. 2003) . In these more advanced PanINs, the selective pressure to eliminate p53 may stem in part from a collective accumulation of genetic damage, from telomere erosion and ROS, for example, resulting in the activation of p53-dependent DNA damage checkpoint responses. Thus, loss of p53 function could serve to enable the growth and survival of cells harboring procarcinogenic chromosomal aberrations. Given that human PDAC is characterized by profound aneuploidy and complex chromosomal rearrangements, as well as significant intratumoral genomic heterogeneity, a clear understanding of how p53 participates in genome stability mechanisms would provide important insights into disease pathogenesis and ultimately treatment. The rampant genomic instability in PDAC could serve to both fuel the rise of advanced disease and provide a basis for its resistance to therapeutic modalities (Gorunova et al. 1998; Harada et al. 2002) .
Finally, in many other cancer types, there exists a near reciprocal relationship in the loss of ARF and p53 (Rozenblum et al. 1997; Pomerantz et al. 1998; Ruas and Peters 1998; Sharpless and DePinho 1999) . As mentioned above, this relationship likely reflects the fact that ARF inhibits MDM2-mediated targeting of the p53 protein for proteasomal degradation (Pomerantz et al. 1998; Zhang et al. 1998 ). Thus, ARF deficiency would result in marked reduction of p53 protein levels and attenuation of p53 pathway function in diverse cancer-relevant processes (Lowe and Sherr 2003) . On the other hand, in human PDAC, p53 mutations and ARF deletions coexist in ∼40% of cases, potentially pointing to nonoverlapping functions for these factors in pancreatic cancer suppression (Heinmoller et al. 2000; Maitra et al. 2003; Hustinx et al. 2005) . Mounting evidence suggests that ARF possesses p53-independent functions including the inhibition of ribosomal RNA processing (Rocha et al. 2003; Sugimoto et al. 2003; Qi et al. 2004; Paliwal et al. 2006 ). In addition, ARF does not appear to neutralize the DNA damage checkpoint that would be activated upon genetic damage (e.g., induced by teleomere dysfunction), thereby necessitating the additional loss of p53 function as such signals intensify during PDAC progression (Greenberg et al. 1999) . Alternatively, ARF deletion in PDAC could represent a "bystander" effect associated with mutational events targeting INK4A. The resolution of these issues will require systematic genetic analysis of various mutant genotype combinations in murine PDAC mouse models as well a greater understanding of the molecular actions of ARF versus p53 in PDAC tumor biology.
The SMAD4/DPC4 tumor suppressor and complexities of transforming growth factor-␤ (TGF-␤) signaling
Another frequent event associated with PDAC progression is loss of the SMAD4 (DPC4) transcriptional regulator (Hahn et al. 1996) , which serves as a central component in the TGF-␤ signaling cascade (Massague et al. 2000) . The SMAD4 gene maps to chromosome 18q21 and is targeted for deletion or intragenic point mutations in ∼50% of PDAC cases (Hahn et al. 1996) . SMAD4 has been designated a progression allele for PDAC on the basis of its loss in later-stage PanINs (Wilentz et al. 2000; Luttges et al. 2001; Maitra et al. 2003) . The impact of SMAD4 loss on PDAC prognosis is not clearly established, and different studies have reached opposite conclusions regarding the relationship between SMAD4 status and survival (Tascilar et al. 2001; Biankin et al. 2002) . On the histo-pathologic level, tumors with an intact SMAD4 may have a higher propensity for showing poorly differentiated features (Biankin et al. 2002) . The mechanism by which SMAD4 loss contributes to tumorigenesis is likely to involve its central role in TGF-␤-mediated growth inhibition.
TGF-␤. TGF-␤ is the prototypic member of a superfamily of secreted proteins, whose other members include the Bone Morphogenic Proteins (BMPs) and Activins (for review, see ten Dijke and Hill 2004) . These growth factors signal through serine/threonine kinase receptor complexes that, upon ligand binding, phosphorylate receptor-regulated Smad proteins (SMAD2, SMAD3, and the obligate binding partner SMAD4) regulating a variety of cellular functions including proliferation, differentiation, migration, and apoptosis. The biological role of the TGF-␤ pathway in human malignancy is complex, exerting both growth-inhibitory and growth-promoting effects depending on the cell type and cell context (for review, see Siegel and Massague 2003) . In numerous epithelial cell lines and in epithelial tissue in vivo, TGF-␤ exerts a growth inhibitory program that involves modulation of cell cycle regulators including induction of p15 INK4B and p21 CIP1 expression and repression of c-Myc and ID family transcription factors, as well as induction of apoptotic machinery, and repression of telomerase (for review, see Elliott and Blobe 2005) . Likewise, elevations in TGF-␤ signaling inhibit epithelial cancer initiation in vivo, and lesions in this pathway promote intestinal, ovarian, and pancreatic tumorigenesis. On the other hand, TGF-␤ promotes the proliferation and transformation of fibroblasts and the epithelial-to-mesenchymal transition (EMT) in breast cancer and skin cancer, a process by which advanced carcinomas lose their differentiated features and acquire a highly aggressive, invasive phenotype (Janda et al. 2002; Oft et al. 2002; Tang et al. 2003 ; for review, see Zavadil and Bottinger 2005) . Therefore, in some carcinomas, TGF-␤ signaling can have biphasic effects, inhibiting tumor initiation yet promoting the high-grade advancement of established tumors (Akhurst and Derynck 2001) .
The importance of TGF-␤ signaling in pancreatic cancer is illustrated by the fact that 90% of tumors show loss of heterozygosity (LOH) at the SMAD4 locus, with 50% of PDAC having either homozygous deletion or mutational inactivation of the second allele, as discussed above. The loss of SMAD4 in PDAC may have a primary role in modulating the interaction of the tumor with the microenvironment rather than in growth control of the tumor cells themselves. Along these lines, SMAD4 restoration in some pancreatic cancer cell lines has a minimal impact on cell growth in vitro, although some inhibition of anchorage-independent growth has been observed in specific cell lines. Importantly, the prominent impact of SMAD4 restoration has been observed in tumor formation in xenotransplants with documented repression of angiogenesis and extracellular matrix remodeling (Schwarte-Waldhoff et al. 2000; Peng et al. 2002; Duda et al. 2003) .
There is recent evidence that SMAD4 deficiency may inhibit TGF-␤-induced cell cycle arrest and cell migration, while not affecting EMT, thereby shifting the balance of TGF-␤ signaling from tumor suppression to tumor promotion (Levy and Hill 2005) . Consistent with these observations, it appears that elevated TGF-␤ expression contributes to PDAC progression. TGF-␤ family ligands are expressed at elevated levels in PDAC cells relative to normal pancreas ) and may help to promote the characteristic desmoplastic response of this malignancy as suggested from xenograft studies (Lohr et al. 2001) . TGF-␤ signaling may also contribute to tumorigenesis in an autocrine manner since PDACs often overexpress the type II TGF-␤ receptor relative to normal pancreas (Wagner et al. 1999 ; for review, see Rane et al. 2006 ) while experimental blockade of TGF-␤ signaling by expression of soluble type II TGF-␤ receptor attenuates tumorigenicity and metastasis of xenografts (Rowland-Goldsmith et al. 2001 . Furthermore, antibodies to TGF-␤ inhibit the invasion of PDAC cell lines in vitro, while exogenous addition of this cytokine enhanced invasion and promotes the EMT (Ellenrieder et al. 2001a,b) .
The LKB1/STK11 tumor suppressor
The Peutz-Jeghers syndrome (PJS), linked to LKB1/ STK11 mutations, is another familial cancer syndrome associated with an increased incidence of PDAC (Hemminki et al. 1998; Jenne et al. 1998; Giardiello et al. 2000) . PJS patients are primarily afflicted with benign intestinal polyposis at a young age (Cooper 1998) , although advancing age carries increased risk of gastrointestinal malignancies including a >40-fold increase in PDAC (Giardiello et al. 2000) . At the same time, somatic mutation of LKB1 in sporadic PDAC appears to be rare, detected in only 4%-6% of sporadic cases examined (Su et al. 1999 ), although there is some evidence that the rates of inactivation are higher in IPMNs (Sahin et al. 2003) .
LKB1 encodes a serine/threonine kinase that is involved in regulation of diverse processes such as cell polarity and metabolism, and has been linked to specific signaling pathways including mTOR, the latter via its capacity to regulate AMPK (Bardeesy et al. 2002b; Ossipova et al. 2003; Baas et al. 2004; Corradetti et al. 2004; Lizcano et al. 2004; Shaw et al. 2004a Shaw et al. ,b, 2005 Hardie 2005 ). Exactly how LKB1 loss, and through deregulation of which of these pathways/processes, promotes tumorigenesis remains to be established. Control of mTOR signaling through AMPK links this gene to a common pathway harboring two other tumor suppressors, PTEN and TSC. The biochemical link to these well-characterized cancer signaling pathways may provide insights into the biological mechanisms through which LKB1 suppresses tumor formation. At the same time, the role of LKB1 in cell polarity, and likely regulation of several less-wellcharacterized kinases, leaves open several other plausible mechanisms of tumor suppression. Current efforts are now directed toward defining additional LKB1 substrates and linked biological processes.
The BRCA2 tumor suppressor. Inherited BRCA2 mutations are typically associated with familial breast and ovarian cancer syndrome, but also carry a significant risk for the development of pancreatic cancer. One study estimates that ∼17% of pancreatic cancers occurring in a familial setting harbor mutations in this gene (Murphy et al. 2002) ; the del6174T founder mutation is particularly common in familial pancreatic cancers that arise in the Ashkenazi Jewish population. As is the case for those with germline INK4A mutations, the penetrance of PDAC in BRCA2 mutation carriers is relatively low, and the age of onset is similar to patients with the sporadic form of the disease. Loss of the wild-type BRCA2 allele seems to be a late event in those inheriting germline heterozygous mutations of BRCA2, restricted to severely dysplastic PanINs and PDACs (Goggins et al. 2000) . Together, these data are consistent with the model that loss of function of BRCA2 promotes the malignant progression of pancreatic neoplasms.
BRCA2 is known to play a critical role in the maintenance of genomic stability by regulating homologous recombination-based DNA repair processes. Consequently, BRCA2 deficiency in normal cells results in the accumulation of procarcinogenic or lethal chromosomal aberrations (Venkitaraman 2002) . The fact that BRCA2 is selectively mutated late in tumorigenesis likely reflects the need for DNA damage response pathways (which in a normal cell would lead to senescence or apoptosis) to be inactivated first-for example, by p53 mutation-so that the genetic damage incurred can be tolerated. Thus, as is the case for telomeres, the carcinogenic role of BRCA2 deficiency may be manifest only in the appropriate genotypic and cell-type context. BRCA2 mutational status may also have therapeutic implications, as it seems to confer susceptibility to DNA crosslinking agents such as Mitomycin C, as is seen in other related Fanconi anemia family genes, particularly FancG and FancC (Taniguchi et al. 2003; van der Heijden et al. 2004) .
Additional growth factor receptor signaling circuits in PDAC
Epidermal growth factor. PDAC shows elevated expression of EGF receptors (EGFR and ERBB3) and their ligands (TGF-␣ and EGF), consistent with the presence of an autocrine loop (Barton et al. 1991; Korc et al. 1992; Lemoine et al. 1992; Friess et al. 1995 Friess et al. , 1999 . Importantly, EGFR inhibitors decrease PDAC cell growth and tumorigenesis in vitro (J. , as well as inhibit growth of orthotopic tumors in combination with cytotoxic chemotherapy (Bruns et al. 2000) . This inhibition appears to be due to a decrease in tumor vasculature through inhibition of proangiogenic factors, resulting in endothelial apoptosis. In line with these antineoplastic activities, EGFR inhibitors have been approved for clinical use in PDAC patients.
Insulin-like growth factor (IGF).
The IGF signaling pathway regulates survival, invasion, and angiogenesis of many human cancers. PDACs show elevated expression of IGF-I in both the tumor cells and the stroma and display aberrant activation of the IGF-I receptor (IGF-IR) in tumor cells (Bergmann et al. 1995; Ouban et al. 2003; Stoeltzing et al. 2003) . In vitro, autocrine IGF-I signaling promotes cell proliferation and growth-factor-independent survival (Nair et al. 2001 ). Inhibition of the pathway by anti-IGF-IR antibodies or expression of a dominantnegative form of IGF-IR inhibits the growth of xenografts and sensitizes tumor cells to chemotherapy (Maloney et al. 2003; Min et al. 2003) .
Met and hepatocyte growth factor (HGF).
The Met receptor tyrosine kinase and its ligand, HGF/scatter factor, regulate cell motility, invasion, and proliferation and the deregulation of this signaling pathway contributes to the progression of several malignancies (for review, see Corso et al. 2005) . The Met receptor is expressed at low levels in the exocrine pancreas and shows marked upregulation in PanIN lesions and in PDACs. Additionally, HGF is induced during PDAC progression, present in the epithelium of PanIN lesions and in the stromal cells of advanced tumors (Ebert et al. 1994; Di Renzo et al. 1995; Furukawa et al. 1995; Paciucci et al. 1998) . HGF promotes motility of PDAC cells in vitro, and inhibition of this pathway through the administration of blocking antibodies or the truncated HGF fragment NK4 inhibits invasive growth and angiogenesis of xenografts (Tomioka et al. 2001; Saimura et al. 2002) . Yamanaka et al. 1993a,b; Ohta et al. 1995; Kornmann et al. 1997; Ishiwata et al. 1998; Kleeff et al. 1998; Kornmann et al. 2002) . Consistent with a role for FGF signaling in supporting PDAC growth, dominant-negative FGFR-1 mutants or antisense glypican-1 can inhibit the growth of pancreatic cancer cell lines in vitro and suppress their tumorigenic potential in xenografts (Wagner et al. 1998a; Ogawa et al. 2002; Kleeff et al. 2004) . FGF signaling may also contribute to the desmoplasia associated with PDAC, since elevated bFGF levels are associated with this phenotype in primary tumors (Kuniyasu et al. 2001) .
Fibroblast growth factor (FGF
VEGF. VEGF promotes endothelial cell proliferation and survival by binding to the VEGFR-1 and VEGFR-2 endothelial cell transmembrane receptors (for review, see Ferrara et al. 2003) . VEGF is overexpressed by PDAC cells (Itakura et al. 1997; Seo et al. 2000) , whereas disruption of VEGF signaling by expression of soluble VEGF receptors, VEGF high-affinity binding chimeras, anti-VEGF antibodies, or ribozymes strongly suppresses the tumorigenic growth of pancreatic cancer xenografts (von Marschall et al. 2000; Hoshida et al. 2002; Tokunaga et al. 2002; Hotz et al. 2003; Fukasawa and Korc 2004) . VEGF-C, a regulator of lymphoangiogenesis, is also overexpressed in PDAC and may contribute to lymphatic spread and the lymph node metastasis common in this malignancy (Tang et al. 2001; Kurahara et al. 2004 ). Further study will be required to validate VEGF-C as a drug development target.
Developmental signaling pathways in PDAC
The roles of the Hedgehog and Notch signaling pathways in PDAC pathogenesis have recently been appreciated, further drawing attention to the connections between development and cancer. The relationship between these two pathways, normal pancreatic organogenesis, tissue homeostasis, disease, and the development of cancer are discussed in detail in subsequent sections. Below we briefly describe the biochemical and molecular circuitry of Hedgehog and Notch signaling and their links with PDAC.
Hedgehog. The mammalian Hedgehog family of secreted signaling proteins comprised of Sonic, Indian, and Desert Hedgehog (SHH, IHH, and DHH, respectively) regulates the growth and patterning of many organs, including the pancreas, during embryogenesis (Ingham and McMahon 2001) . The Hedgehog pathway is negatively regulated by the Patched (PTC) tumor suppressor protein, which tonically inactivates the Smoothed protein (SMO). Hedgehog ligands engage the PTC transmembrane protein and disrupt inhibition of Smo, activating the Gli family of transcriptional regulators. Alterations that activate this pathway, including loss of PTC, activating mutations in SMO, and overexpression of GLI and HH proteins, have been implicated in a variety cancers (for reviews on Hedgehog signaling and cancer, see Taipale and Beachy 2001; Pasca di Magliano and Hebrok 2003) . Activation of the Hedgehog pathway has been implicated in both the initiation of pancreatic ductal neoplasia and in the maintenance of advanced cancers. SHH is absent from the normal adult pancreas, but is activated in PanINs, exhibiting a graded increase in progressively later-stage lesions and carcinomas, where signaling seems to be necessary for tumor maintenance (Berman et al. 2003; Thayer et al. 2003) .
Notch. The Notch signaling pathway, which is important in directing cell fate and cell proliferation during embryonic development, has been shown to contribute to cell transformation in vitro and to the development of human cancers when aberrantly regulated (for review, see Radtke and Raj 2003; Kadesch 2004; Lai 2004; Sjolund et al. 2005) . Notch pathway activation involves the binding of membrane-bound Notch receptors (Notch 1-4) to their ligands (Delta-like and Jagged). These receptor-ligand interactions induce proteolysis of the Notch receptor and subsequent nuclear translocation of the Notch intracellular domain (NICD), which mediates the transcriptional activation of a series of target genes. Notch and its ligands are expressed at low or undetectable levels in the normal adult pancreas. However, in PanIN lesions and in pancreatic adenocarcinomas, there are prominent elevations in expression of these factors and an associated induction of transcriptional target genes such as HES-1, consistent with activation of this pathway during malignant progression of this malignancy (Miyamoto et al. 2003) . Although ectopic activation of Notch signaling within rodent pancreatic progenitor cells in vivo does not result in subsequent carcinogenesis , there is an accumulating body of literature demonstrating interactions of Notch with RAS, both in development as well as in tumorigenesis (for review, see Sundaram 2005) . In particular, several different cell-based systems have shown that activated RAS cooperates with Notch to transform cells; however, others have demonstrated that in certain settings, Notch may suppress transformation. Given the critical role of K-RAS in PDAC and the context-dependant relationship with Notch signaling, it will be imperative to investigate these interactions on the genetic level using pancreatic ductal model systems.
Telomere shortening and dysfunction in PDAC
Telomere dynamics play a central role in shaping the genomes of many cancer types, particularly epithelial cancers (for review, see Maser and DePinho 2002) . While telomerase-mediated preservation of telomere function has been shown to promote the development of advanced malignancies (Hahn et al. 1999) , there is equally compelling experimental evidence in both mouse and human cancers that the lack of telomerase activity and a transient period of telomere shortening and dysfunction during early neoplasia drives cancer initiation. This telomere-based mechanism involves generating procarcinogenic chromosomal rearrangements via breakage-fusion-bridge BFB cycles (Artandi et al. 2000 ) that promote regional amplifications and deletions at the sites of chromosomal breakage (O'Hagan et al. 2002) . Importantly, the survival of cells with critically short telomeres and ongoing BFB events is enhanced by deactivation of p53-dependent DNA damage responses; thus telomere dysfunction and p53 loss cooperate to promote the development of carcinomas in multiple tissues (Chin et al. 1999a) .
On the basis of these data, telomere erosion might contribute to the high incidence of PDAC in the setting of advancing age or inflammatory conditions as occurs in hereditary pancreatitis as a function of epithelial turnover. Indeed, shortened telomeres and anaphase bridging have been detected in low-grade PanINs, marking telomere erosion as one of the earliest documented genetic events in the evolution of these ductal neoplasms . Such observations are in line with previous findings in pancreatic cancer cell lines of the frequent absence of telomeres at chromosome ends and occurrence of anaphase bridging indicative of ongoing BFB cycles and persistent genomic instability (Gisselsson et al. 2001) . Although reactivation of telomerase appears critical to the emergence of pancreatic cancer cells, it is a late event in PDAC progression and is preceded by a period of telomere shortening and dysfunction that would appear likely to promote carcinogenesis by leading to the formation of cancer-relevant chromosomal rearrangements. In the evolution of human PDAC, telomere shortening appears to precede the development of p53 mutations, which are found in ∼50% of advaned lesions (Hruban et al. 2000a,b; Luttges et al. 2001; van Heek et al. 2002) . Such observations raise the possibility that other p53 pathway components involved in the telomere-induced checkpoint responses are neutralized in a subset of these neoplasms. Alternatively, the loss of p53-independent responses in some tumors could obviate the need to inactivate this pathway. These findings underscore the need to define the wiring of the telomere checkpoint response in evolving PanINs and established PDACs. To this end, it will be of interest to specifically correlate telomere length, p53 status, and the onset of genomic instability in PanINs, and to develop pancreatic cancer models with telomere dysfunction.
Chromosome structural alterations, expression profiles, and other cancer loci in PDAC
PDAC is characterized by genomic complexity and instability. Telomere shortening, loss of p53, K-RAS mutation, and defects in the mitotic spindle apparatus are all likely contributors to this phenotype. Centrosome abnormalities are detected in 85% of PDAC samples, and there is a correlation between levels of such abnormalities and the degree of chromosomal aberrations (Sato et al. 1999 (Sato et al. , 2001a . Overall, the pattern of p53 and BRCA2 mutations and the detection of abnormal mitosis and nuclear abnormalities in PanIN-2 and PanIN-3 lesions suggest that genomic instability is initiated in these stages of the tumor progression. The known stereotypical PDAC mutations described above are likely to represent only a small fraction of the genetic lesions resident in these cancers. This view is supported by the detection of recurrent chromosomal amplifications and deletions by karyotype analysis, comparative genomic hybridization (CGH), and LOH studies. Regions of consistent alteration include gains involving 3q, 5p, 7p, 8q, 11q, 12p, 17q, and 20q and losses targeting 3p, 4q, 6q, 8p, 9p, 10q, 12q, 13q, 17p, 18q, 21q, and 22q (Mahlamaki et al. 1997 (Mahlamaki et al. , 2002 Gorunova et al. 1998; Armengol et al. 2000; Schleger et al. 2000; Sirivatanauksorn et al. 2001; Harada et al. 2002; Adsay et al. 2004; Gysin et al. 2005; Nowak et al. 2005) .
Several groups have conducted expression profiling of PDAC cell lines as well as primary tumors, pointing to many novel markers and targets, some of which have been validated by IHC or RT-PCR, including s100P, mapsin, ADAM9, mesothelin, fascin, pleckstrin, 14-3-3, AGR2, IGFBP3 and IGFBP4, and FOXJ1 (Argani et al. 2001; Han et al. 2002; Iacobuzio-Donahue et al. 2002 , 2003 Rosty et al. 2002; Grutzmann et al. 2003) . Other studies have shown up-regulated expression of known cancer-relevant genes including ABL2, NOTCH4, and SOD1 or have also sought to determine a metastatic signature within evaluated primary PDACs (CrnogoracJurcevic et al. 2002; Missiaglia et al. 2004; Nakamura et al. 2004) . These transcriptional studies have provided invaluable lists of variably regulated genes in PDAC cell lines; which offer several substrates for therapy, future modeling studies, and potential prognostic markers (Thomas et al. 2004) .
Recent high-resolution array CGH analyses of the PDAC genome have uncovered a large number of recur-rent and highly focal amplifications and deletions, both novel and previously described (Aguirre et al. 2004; Heidenblad et al. 2004; Holzmann et al. 2004; Bashyam et al. 2005) . The identification of recurrent chromosomal amplifications and deletions indicate that the current compendium of known genetic lesions represents a very limited collection of molecular mechanisms driving this disease. In order to identify the target of copy number alterations intersecting these array-CGH data with expression profiles has proven useful in further delimiting the candidate cancer gene at each locus. Another filtering approach used to further refine genomic profiles has been the comparisons of copy number alterations across different cancer types (Signoretti et al. 2000; Adsay et al. 2004; Garraway et al. 2005; Tonon et al. 2005) .
Tumor biological implications and lessons from PDAC genetics and genomics
These genetic and genomic observations have several implications for PDAC pathophysiology. Although K-RAS mutations are an early, and likely necessary, event in the development of PDAC, their absence in a proportion of the earliest lesions suggests that K-RAS activation alone may be insufficient for neoplastic initiation (Klimstra and Longnecker 1994) . The onset of PanIN-like lesions in genetically engineered mouse models including PTEN loss and elevated Hedgehog and Notch signaling suggests the potential for multiple coinitiating events. One possibility is that the earliest lesions may be nonclonal areas of aberrant proliferation, representing a population of expanded ductal precursor cells and/or cells exhibiting altered states of differentiation that are associated with pancreatic damage or inflammation. Disruptions in tissue architecture and induction of cell proliferation could create conditions that select for cells that sustain activating K-RAS mutations. Along these lines, inflammatory stimuli promote the expression of both TGF-␣ and EGFR in the pancreatic ducts, pathways that are known to synergize with activated K-RAS (Barton et al. 1991; Wang et al. 1997) .
In addition to the extreme aneuploidy of pancreatic adenocarcinomas, there is a high degree of genetic heterogeneity within these tumors. For instance, different K-RAS mutations and 9q, 17p, and 18q LOH patterns have been observed in adjacent PanINs, and multiple K-RAS mutations have been detected in the same adenocarcinomas (Moskaluk et al. 1997; Yamano et al. 2000; Luttges et al. 2001) . Karyotypic analysis identifying multiple clones within early-passage PDAC cell lines (Gorunova et al. 1998 ) and distinct array-CGH profiles from separate regions within a single tumor have further demonstrated this heterogeneity (A.F. Hezel and R.A. DePinho, unpubl.) and suggested a spatial distribution of genetic heterogeneity. Neoplastic foci from adjacent regions tend to show similar mutation patterns, whereas increasing genetic divergence has been documented in more geographically distant foci (Yamano et al. 2000) . It seems likely that PDAC can develop from the clonal progression of one of several related but divergent lesions. These features may indicate that a key event beyond the initiation of PanINs is the acquisition of a mutator state that allows initiated cells to acquire progression-associated genetic lesions. It is tempting to speculate that this tremendous degree of heterogeneity and ongoing instability are at the heart of the intense resistance of pancreatic tumors to chemotherapy and radiotherapy.
The observation across several tissue types, most notably colon and breast, of a histological evolution of normal epithelium, through preneoplastic stages, to cancer in a graded manner has proven to be both clinically and scientifically informative (Kinzler and Vogelstein 1996) . These observations have formed the backbone of most genetic progression models that have sought to characterize molecular profiles at each stage of neoplastic development. While evidence is suggestive of a dominant pattern of serial mutational events in the evolution toward PDAC, this linear tumor progression model will draw continued scrutiny. Such a model must also take into account the altered states of differentiation of PanINs and other precursor lesions, a potential cell or cells of origin, the role of developmental signaling pathways, and an emerging knowledge of genomic and transcriptional alterations as they relate to each stage of disease. A paradigm of pancreatic carcinogenesis must accurately reflect this expanding body of direct evidence. In particular, the acquisition of the genetic mutations may be irregular, occurring in fits and starts, rather than a measured process with consecutive mutations occurring at intervals in time (Fig. 4) . This episodic mutational activity could be prompted by key events undermining genomic integrity such as the loss of DNA damage repair and response checkpoints and the erosion of telomeres (Chin et al. 1999a (Chin et al. , 2004 Maser and DePinho 2002) . Understanding the relationship between the deregulation and/or loss of these lynchpin cellular processes governing genomic stability and the acquisition of a neoplastic genetic profile will also be crucial to the development of accurate disease progression models. Indeed, such an understanding of disease progression is vital for the rational and effective implementation of early detection strategies and preventive therapies.
The cellular basis of PDAC
Molecular pathology and cancer genetic studies have provided an outline of the cellular perturbations that are associated with PDAC; however, the current picture remains static, with only correlative links to underlying tumor biology. A more direct mechanistic view of how classical lesions influence pancreatic cancer biology is required, and some key questions need to be answered. An important attribute of the signaling pathways activated in pancreatic cancer is their specificity-a permissive context is required for the cell-biological impact of an activated oncogenic pathway to become manifest. A comprehensive appreciation of PDAC pathogenesis must include consideration of the cell type, developmental stage, the constellation of other genetic lesions, and microenvironment. Recently, insights into the role of developmental pathways and a possible cell of origin have sharpened our view of the context required for PDAC-associated genetic lesions. Here, we describe the role these pathways play in normal pancreatic development and in malignant transformation, as well as the possible cell type(s) from which PDAC arises.
Development and cancer
An old concept in cancer biology is the idea that cancers represent an aberrant recapitulation of development. The idea that "oncology recapitulates ontogeny" has gained acceptance as more links between cancer and development have been discovered. Indeed, mounting evidence has supported such a link in PDAC, with critical new insights gleaned from the study of normal pancreas developmental pathways and mechanisms.
The pancreas arises from dorsal and ventral buds in the anterior endoderm that later fuse to become a single organ. A critical event in the specification of the pancreas is repression of sonic hedgehog (Shh) within the endoderm of the presumptive pancreatic domain ( Fig. 5 ; Hebrok et al. 1998 ). Shh repression is mediated by signals from adjacent mesodermal structures and results in the expression of the pancreatic homeobox transcription factor Pdx1 in the nascent pancreatic bud. Pdx1 is required for further pancreatic development (Ohlsson et al. 1993; Offield et al. 1996) , and its expression in all progenitor cells has made the Pdx1 promoter a useful tool for directing transgene expression during the bud stage (Gu et al. 2002 ) (see mouse models below).
Prior to the differentiation of the three functional compartments of the pancreas-acinar, ductal, and endocrine-multipotent Pdx1+ cells are maintained in an undifferentiated state by Notch signaling (Apelqvist et . 1999; Jensen et al. 2000; Moshous et al. 2001; Hald et al. 2003; . Mesenchymal FGF10 promotes the expansion of these progenitor cells (Hart et al. 2003 ) in a manner reminiscent of lung development (Hogan 1999) ; FGF10 may also serve to integrate morphogenesis and differentiation by simultaneously regulating Notch signaling and cell division (Norgaard et al. 2003) . Following Notch repression, Pdx1+ progenitors are capable of differentiating into distinct pancreatic lineages (Esni et al. 2004 ) through the regulated activity of numerous transcription factors (for review, see . The balance between endocrine and acinar cells seems to be regulated by the activity of TGF-␤ family members (for review, see Kim and Hebrok 2001) , and more recent studies have demonstrated a role for Wnt signaling in pancreatic development (Dessimoz et al. 2005 ; H.J. Murtaugh et al. 2005) . The determinants of ductal lineage specification are largely unknown.
The evidence that embryonic programs re-emerge during the development of pancreatic tumors comes from two lines of investigation: characterization of gene expression and functional analyses. Expression studies have demonstrated the "reactivation" of several embryonic genes during pancreatic carcinogenesis (Fig. 5) . PDX1, whose expression in the adult is mostly limited to pancreatic ␤ cells, is expressed in nearly half of PDACs, where it carries a poor prognosis (Koizumi et al. 2003) . SHH is normally absent from the pancreas throughout development and adult life but is expressed in PanINs and PDAC, with expression levels that correlate with the grade of the lesion (Berman et al. 2003; Thayer et al. 2003) . Similarly, Notch signaling is repressed during development to allow pancreatic differentiation, but Notch signaling components are abundantly expressed in PanIN lesions and PDACs (Miyamoto et al. 2003) . Although the role of Wnt signaling in PDAC pathogenesis remains to be defined, stabilization of ␤-catenin is frequently observed in pancreatoblastoma, a rare pediatric tumor of the pancreas (Abraham et al. 2001) .
Functional data also support the importance of "reactivation" of embryonic programs-in particular SHHin PDAC pathogenesis. Blocking SHH signaling with the inhibitor cyclopamine causes human PDAC cells to undergo apoptosis in vitro and lose tumorigenicity in xenograft assays (Thayer et al. 2003) . Furthermore, activation of hedgehog signaling in immortalized human pancreatic ductal cells induces a PanIN-like transcriptional "signature" (Prasad et al. 2005) . Importantly, this signature includes several extrapancreatic markers of the foregut. This is consistent with the finding that ectopic hedgehog expression within the pancreatic domain leads to "intestinalization" of the pancreatic epithelium (Apelqvist et al. 1997; Thayer et al. 2003) and suggests that adoption of an intestinal phenotype is an important step in the formation of incipient PDAC. Although not directly studied in PDAC, cooperation of the RAS and Notch signaling pathways in transformation and other biological processes has been demonstrated in several in vitro and in vivo systems (Weijzen et al. 2002; Kiaris et al. 2004; Sundaram 2005) . The applicability of these studies to PDAC has added significance in light of the identification of Notch pathway activity in a candidate precursor, the centroacinar cells (see below in next section).
Origins of pancreatic cancer. An emerging hypothesis that is being explored in PDAC and many other solid tumors is that cancer precursors arise from stem cellscells with the unique potential to self-renew and to differentiate into multiple lineages-that exist within adult tissues. While there is good evidence for such a model in the hematopoietic system, where at least a subset of leukemias is derived from stem cells (Passegue et al. 2004) , the "cell of origin" for most solid malignancies, including the pancreas, is unknown. The stem-cell origin hypothesis is supported by evidence that brain tumors arise from CD133+ neural stem cells (for review, see Singh et al. 2004a) , and recent studies are suggestive of a stem cell origin for cancer of the lung (C.F. ) and prostate . For other cancers, it remains to be determined whether tumors originate from a resident tissue stem cell, and whether highly tumorigenic cells within a cancer reflect the persistence of such a cell (see discussion of Cancer Stem Cells below).
Recent observations have fostered a more dynamic view of stem cells in which "stem-ness" represents a differentiation state rather than a discrete entity (Blau et al. 2001 ). Thus, it is possible that cells with stem cell activity may arise by "transdifferentiation" or "dedifferentiation" of other cell types. A byproduct of this model is the notion of "facultative" stem cells-differentiated cells that have the potential to be stimulated to assume a stem cell role. Based on studies of cell renewal and differentiation, Bonner-Weir (Bonner-Weir and Sharma 2002) has argued that all or nearly all of the pancreatic ductal cells are potential facultative stem cells, with the capacity to differentiate into both endocrine and exocrine lineages. In rats subjected to partial pancreatectomy, the exocrine and endocrine compartments exhibit increased cell division, and cells expressing the progenitor cell marker Pdx1 have been described as "dedifferentiating" and expanding from the pancreatic ducts (Bonner-Weir et al. 1997; Sharma et al. 1999) . The appearance of cells with a progenitor phenotype is also observed in a variety of rodent models of pancreatic damage (Vinik et al. 1997; Kritzik et al. 1999; Scoggins et al. 2000) . While these observations are consistent with a possible facultative activity of rodent duct cells, it should be noted that the extent of pancreatic "regeneration" differs significantly depending on the method, and thus extent, of injury (e.g., recovery from pancreatitis is more robust than regeneration following pancreatectomy), and the contribution by such ductal cells to other pancreatic lineages has not been analyzed directly. It is noteworthy that certain paracrine signals implicated in the regulation of ductal proliferation in these injury models-TGF-␣/EGF and HGF as initiating factors and TGF-␤ as an inhibitor-are also engaged during PDAC tumorigenesis (Arnush et al. 1996; Friess et al. 1996; Bonner-Weir et al. 1997) .
PDACs resemble pancreatic duct cells at the histologic level, displaying cuboidal shape, ductal antigen expression, and growth into tubular structures (Solcia et al. 1995) , thereby prompting the widely held view that this malignancy arises from ductal cells. Consistent with this idea, the targeting of key PDAC mutations, K-RAS and INK4A, to the entire pancreas in the mouse yields lesions exclusively in ducts, suggesting a unique propensity for transformation of this cell type (see mouse modeling section below). Nevertheless, several observations hint at alternative possibilities. For example, acinar-toductal metaplasia is frequently seen in association with carcinoma, suggesting a potential acinar origin (Parsa et al. 1985) . Indeed, both rat and hamster carcinogen models of pancreatic cancers (Pour 1997; Jimenez et al. 1999 ) and early models involving genetically altered mice (Jhappan et al. 1990; Sandgren et al. 1990; Wagner et al. 1998b Wagner et al. , 2001 ) all exhibit metaplastic histologies. In these models, acinar cells are lost, either due to direct damage or apparent transdifferentiation, and duct-like tubular complexes emerge and proliferate, although the relationship of these complexes to PDAC remains unclear (Hruban et al. 2006a ). Recent studies using genetic lineage markers provide additional evidence that acinarto-ductal transdifferentiation can account for many new ducts appearing in damaged pancreatic tissues (Means et al. 2005) . There is also evidence suggesting an endocrine origin for PDAC including the observation that mouse islet cell cultures expressing the polyoma virus middle T (PyMT) oncogene proceed to form pancreatic cancers when transplanted into histocompatible mice (Yoshida and Hanahan 1994) . Moreover, the focal expression of nonductal lineage markers, including endocrine factors and pancreatic enzymes, indicates that there may be developmental plasticity of the tumorigenic process (for review, see Klimstra 1998) . The complexities in tracing the cell of origin of PDAC should not be surprising given the close developmental relationships of the pancreatic cell types and the known propensity of endodermal lineages to transdifferentiate in vitro and in vivo (Tosh and Slack 2002) . Finally, in the context of a stem cell model for tumor initiation, PDAC could arise from a rare precursor population in the pancreas.
It is also possible that there is no unique "cell of origin" for PDAC. In brain tumors, for example, mutations of INK4A/ARF and EGFR in either neural stem cells or differentiated astrocytes of mice give rise to malignant gliomas with indistinguishable tumor phenotypes (Bachoo et al. 2002) . Thus, it may be that specific genetic alterations, rather than the identity of the target cell, define the ensuing malignant phenotype. The highly specific mutational profiles of the different types of pancreatic cancers suggest that this concept may be relevant to pancreatic neoplasia (Table 1) .
One strategy to identify the cellular origin of pancreatic cancer is to focus on stem cells in the adult pancreas. Pancreatic stem cells with the capacity to give rise to ␤ cells have long been sought for their therapeutic potential in type I diabetes. Despite extensive investigation, such cells have not been isolated, and it appears that the majority of ␤ cells in vivo are generated by replication of existing ␤ cells rather than formation of new ␤ cells from stem cells (Dor et al. 2004 ). However, these results do not preclude the possibility that a stem cell exists in the pancreas. As mentioned above, a facultative stem cell might be called into action only under particular conditions of stress. Furthermore, a pancreatic facultative stem cell might have a differentiation potential that is limited to acinar and duct cells. Recent observations have identified a candidate for such a cell, the pancreatic centroacinar cell (CAC). CACs are strategically located at the junction of the acinar and ductal compartments and exhibit ultrastructural features of duct cells. Notably, Notch signaling remains selectively active in these adult cells, reflecting the persistence of an embryonic program that functions to repress differentiation.
Further evidence of the importance of CACs in PDAC initiation comes from mice with a pancreas-specific deletion of the PTEN gene. Such mice exhibit a metaplasiato-carcinoma sequence that is preceded by the proliferative expansion of CACs that continue to exhibit active Notch signaling (Stanger et al. 2005) . If CACs are determined, through more rigorous investigation, to represent a true cell of origin for PDAC, several important questions will need to be addressed: Does this cell represent a stem cell that functions during normal pancreatic homeostasis? What features of this cell make it susceptible to the transforming activity of particular oncogenes? Finally, do different PDAC-associated lesions-PanIN, MCNs, and IPMN-arise from a single cell that has been subjected to different genetic "hits"? Or are there multiple cell types that are susceptible to transformation, each of which is capable of giving rise to tumors with a distinct or overlapping biological behavior?
Cancer stem cells. Another feature that links development and cancer is that both embryos and tumors are composed of heterogeneous cell types. Some time ago, it was recognized that only a small fraction of tumor cells has the capacity to reconstitute clonogenic growth in vitro and in vivo (Fidler and Hart 1982; Heppner 1984) . More recent studies have provided strong evidence to explain this observation through the existence, within several types of human tumors, of a small number of cells with stem/progenitor characteristics. Such cells can be identified on the basis of their cell surface profile and have the capacity to efficiently reconstitute tumors. Seminal studies with acute myelogenous leukemia (AML) demonstrated that a small fraction of tumor cells, comprising 0.1%-1% of the total, were the only cells capable of transferring leukemia following transplantation into an immunodeficient mouse (Lapidot et al. 1994; Bonnet and Dick 1997) . Tumor-reconstituting cells have also been described in solid organs, including cancer of the breast, brain, and prostate (Al-Hajj et al. 2003; Singh et al. 2004b; Collins et al. 2005) , and candi-dates have been found in lung neoplasia and melanoma (Fang et al. 2005 ; C.F. .
It is currently unknown whether pancreatic cancers also harbor so-called "cancer stem cells." But since most cancer therapies target the bulk of tumor cells, and since tumor stem cells (like their normal tissue counterparts) may be more resistant to chemotherapy, the question is not merely an academic one. Indeed, it is possible that a mechanism to ensure cancer stem cell renewal is a required aspect of PDAC pathogenesis and maintenance. Specifically, expression of the Bmi proto-oncogene is required for self-renewal of both hematopoietic stem cells and leukemia stem cells (for review, see Pardal et al. 2003) . As BMI acts by repressing INK4A/ARF, the invariable loss of the INK4A/ARF locus in PDAC may reflect a mechanism by which pancreatic cancers ensure selfrenewal of a "stem cell" population. Ultimately, if such tumor-maintaining cells are found to exist in PDAC, comparison with the cell(s) from which PDAC arises (cell of origin) may provide great insight into the molecular and cellular pathogenesis of the disease.
Genetically engineered mouse models of PDAC
The recurrent spectrum and the sequential appearance of specific mutational events point toward a defined molecular program for PDAC progression. Genetically engineered mice (GEM) have provided tractable in vivo systems to dissect the biological impact of oncogenic mutations in a wide number of malignancies (for review of other animal models of cancer, see Van Dyke and Jacks 2002) . Beyond establishing such genotype-phenotype relationships, these GEM have the potential to identify early markers of disease, pinpoint cooperating genetic alterations, and provide better preclinical models to inform therapeutic initiatives. A wide range of mouse models of pancreatic cancer has been built using varied transgenic and gene targeting approaches. A key consideration has been deciding how to target mutant alleles to the pancreas, or to specific pancreatic cell lineages. Advances in pancreatic developmental biology have enabled a generation of refined genetically engineered mouse models that closely mirror many of the genetic and histologic characteristics of the human disease (Table 2) . Furthermore, recent histopathologic review of these models has led to a consensus view among pancreatic pathologists, creating a foundation for more accurate comparisons across the different genetically engineered mouse models and their relationship to the human disease (Hruban et al. 2006a) .
Targeting oncogenes to the acinar cell compartment. Early attempts to model exocrine pancreatic cancer used acinar-specific transgene expression, taking advantage of the wide availability of promoters capable Other related GEM with PDAC or precursor phenotypes Pten −/− Pdx1-Cre Ductal metaplasia with a fraction of the mice developing PDAC.
Pdx-1-Shh
Ductal-intestinal metaplasia of targeting this compartment. Transgenic mice that express SV40 large T antigen (T-Ag) Glasner et al. 1992) , activated H-RAS (Quaife et al. 1987) , or c-Myc (Sandgren et al. 1991 (Sandgren et al. , 1993 in the acini using the Elastase (Ela) promoter develop acinar cell carcinomas, although Ela-Myc tumors progress to mixed acinarductal histology. Transgenic mice expressing TGF-␣ in the acinar cells (Ela-TGF-␣) on a p53-deficient background develop mixed acinar-ductal tumors or cystic acinar tumors (Wagner et al. 2001 ). Metallothionein-TGF-␣ (MT-TGF-␣) transgenic mice also have acinar TGF-␣ expression but do not develop PDAC even in the context of Trp53 and Ink4a/Arf deficiency. Instead, these tumor suppressor mutations cooperate to promote benign pancreatic ductal lesions resembling serous cystadenomas in humans (Bardeesy et al. 2002a ). Acinar cells have also been targeted in a more recent report using the RCAS-TVA system. This refined transgenesis approach involves the somatic delivery of retroviruses encoding genes of interest to specific cellular compartments (Orsulic 2002; Pao et al. 2003) . In studies exploring the differential impact of specific oncogenes, TVA (the receptor for the avian leukosis sarcoma virus subgroup A [ALSV-A]) was placed under the control of the elastase promoter that is active in the acinar cells, creating elastase-tva transgenic mice (Lewis et al. 2003) . The delivery of ALSV-A-based RCAS vectors encoding either c-Myc or PyMT antigen to elastase-tva Ink4a/Arfnull mice yielded pancreatic tumors with distinct histological phenotypes. The c-Myc-transduced animals developed only islet cell tumors, whereas PyMT-transduced mice developed pancreatic tumors of mixed acinar and ductal features. In the setting of intact Ink4a/Arf, PyMT-transduced mice developed PanIN-like lesions in a subset of cases, suggesting a role for Ink4a/Arf in restraining PanIN progression. The complex pattern of tumors with distinct lineages despite the targeting of the elastase-positive compartment (predominantly acinar) may relate to the introduction of RCAS viruses on postnatal day 2. At this stage, elastase-tva displayed a more extensive distribution throughout the pancreas compared with the acinar-specific expression in the adult pancreas. These studies illustrate how both the specific identity of an oncogene and the "developmental context" may influence the neoplastic phenotype.
Activated Kras GEM. Kras activation is the defining lesion in PDAC, prompting the generation of GEM in which activated Kras transgenes have been targeted to specific lineages or a Kras knock-in allele has been activated throughout the pancreatic epithelium via Cre recombinase expression. The knock-in studies used a Kras G12D allele (referred to as LSL-Kras
G12D
) that is expressed at the same level and in the same cell types as the endogenous gene after Cre-mediated excision of a LoxP-flanked Stopper element. This system mimics the acquisition of such activating point mutations in human cancers.
Pdx1-Cre and Ptf1-p48-Cre deletor strains have been used to activate Kras and induce mutations in the Ink4a/ Arf and/or p53 tumor suppressor loci in the pancreas. The Pdx1 and Ptf1-p48 promoters are active in the common progenitors of all pancreatic cell types with relatively restricted expression outside of the pancreas (Pdx1 is also expressed in the developing duodenum and stomach, and Ptf1-p48 is expressed in the cerebellum) (Kawaguchi et al. 2002; Gu et al. 2003) . Cre-induced activation of LSL-Kras G12D leads to the rapid development of PanIN lesions in the first few weeks of life (Aguirre et al. 2003; Hingorani et al. 2003) . A related knock-in stopper Kras
G12V
-IRES-lacZ allele produced PanINs when combined with a CDK4 R24C point mutant allele, which is refractory to INK4A inhibition (Guerra et al. 2003) . In the Kras G12D -mutant GEM, the resulting neoplasms show a gradual, age-dependent progression of lesions resembling human PanINs-I-III and the development of frank PDAC after a long latency. Additionally, the presence of normal ducts within these pancreases, all of which harbor the activated Kras G12D allele, conveys that other events, beyond Kras activation, are required to initiate neoplastic changes. In summary, these studies clearly illustrate the potent role of Kras G12D in initiating PanIN development, while also indicating that other rate-limiting events are likely to constrain progression of these Kras
G12D
-driven neoplasms toward high-grade PanINs and PDAC.
Exploring tumor suppressor function in PDAC progression. The tumor suppressor roles of p53 and Ink4a/Arf have been investigated against the backdrop of the Pdx1-Cre LSL-Kras system. Mice with a pancreas-specific deletion of Ink4a/Arf or p53 do not develop pancreatic neoplasia. However, when Kras activation is combined with mutations of either tumor suppressor, a rapidly progressive and lethal PDAC phenotype emerges. Pdx1-Cre LSL-Kras mice, homozygous for a conditional Ink4a/Arf allele, uniformly develop invasive PDAC by 7-11 wk (Aguirre et al. 2003) ; animals heterozygous for Ink4a/Arf also developed PDAC but with longer latency . These PDAC lesions showed histologic and molecular resemblance to the human disease including the association with high-grade PanINs and a proliferating stroma. Similarly, rapidly progressive PDAC occurs with the combination of the Kras G12D allele with a conditional null allele of p53 or a p53 knock-in allele (p53
R273H
, a point mutant observed in Li-Fraumeni syndrome) (Hingorani et al. 2005) . Overall, these results demonstrate that Ink4a/Arf and p53 do not play a primary role in the onset of PanIN but, rather, form a critical barrier in blocking progression of PanIN initiated by Kras
G12D
. The observed contributions of Kras to PanIN initiation and of Ink4a/Arf and p53 to PDAC progression in the mouse fit well with the sequential appearance of Kras mutations in the earlieststage PanIN and subsequent Ink4a/Arf and p53 mutations in more advanced lesions. It is notable that despite the activation of Kras and deletion of tumor suppressors in all pancreatic lineages, no neoplasia of the acini or islets was apparent.
As noted above, a significant proportion of human PDACs show mutational inactivation of each of the Ink4a, Arf, and p53 tumor suppressors, and hence a key question is in determining the relative roles of these genes. In the Kras Ink4a/Arf model, all PDACs retain p53 function, indicating that loss of p53 is not obligate for tumor progression in the mouse (Aguirre et al. 2003; Bardeesy et al. 2006) . In contrast, PDACs in the Kras p53 R273H mice-and in mice with a heterozygous p53 deletion-retain both Ink4a and Arf while losing expression of the wild-type p53 allele (Hingorani et al. 2005; Bardeesy et al. 2006) . One interpretation of these results is that Arf and p53 function in a common pathway to suppress PDAC and that Ink4a loss may not be a critical event in murine PDAC progression. On the other hand, studies of Kras mice with combined p53 and Ink4a (but intact Arf) heterozygous deletions reveal loss of Ink4a in most tumors-via deletion or promoter hypermethylation of the wild-type allele-in addition to loss of wildtype p53 . Moreover, these animals develop PDAC with shorter latency than mice with heterozygous p53 deletion and wild-type Ink4a. Finally, germline homozygous deletion of Ink4a accelerates the development of PDAC in Kras mice, although the latency is longer than in mice with deletion of both components of the Ink4a/Arf locus . Together, these results suggest that each of these tumor suppressors contributes to the control of PDAC progression in the mouse; specifically, loss of Arf and p53 appears to have redundant effects on tumorigenesis, and either of these lesions may cooperate with Ink4a loss. While the retention of Ink4a in the mice engineered to sustain p53 mutations may point to a reduced function of this tumor suppressor in murine PDAC, it is also possible that engineered pre-existing p53 mutations early during PanIN progression may create a context in which there is reduced selective pressure to mutate Ink4a, possibly by facilitating other genetic events that deregulate the Ink4a-Rb pathway. A notable feature of each of these models is the maintenance of wild-type Smad4 expression in all tumors. Engineering mutant Smad4 alleles within the context above described models will be important in uncovering the specific role of this tumor suppressor in PDAC progression.
Considering these data from the mouse in relation to the known genetics of human PanIN progression, it should be pointed out that p53 mutations are not observed in PanIN-I or PanIN-II, whereas these lesions show frequent Ink4a loss; therefore, the presence of early p53 mutations may create biological conditions not normally encountered in the pathogenesis of PDAC (Hruban et al. 2000a,b) . On the other hand, there is some evidence that the circuitry regulating induction of Arf, p53, and Ink4a in mouse cells may differ from that in human cells; hence there may not be complete overlap of the biological function of these tumor suppressors across species (Rangarajan et al. 2004) . Specifically, in human somatic cells experiencing oxidative stress and chronic proliferation, the ensuing shortening of telomeres is likely to activate a DNA damage response pathway leading to p53 induction (Sharpless and DePinho 2002) (see above). In contrast, the long telomeres and constitutive telomerase activity in the mouse ensure that advancing murine PanINs do not exhibit telomere erosion and consequent activation of p53 (Prowse and Greider 1995) . With respect to Arf and Ink4a, murine cells grown in vitro show strong activation of Arf by stress stimuli such as high oxygen tensions, high serum, and oncogene expression, whereas stress stimuli in human cells preferentially activate Ink4a (Collins and Sedivy 2003; Brookes et al. 2004) . It remains to be determined whether there are, indeed, cross-species differences in the oncogenic circuitry of PDAC and how additional perturbations to the model, such as telomere dysfunction, may affect genetic and biological pressures in this disease. Notwithstanding these potential differences, it is clear that the signature mutations associated with human PDAC also contribute to the pathogenesis of the murine tumors.
The different combinations of tumor suppressor gene mutations, in conjunction with Kras G12D expression, produce tumors with varying spectra of clinical and histological features. While tumors of all genotypes are locally invasive and show micro-metastases, gross metastases appear to be restricted to mice engineered to sustain heterozygous tumor suppressor deletions (Ink4a/ Arf lox/+ or p53 lox/+ Ink4a lox/+ mice) and do not appear in mice with engineered homozygous deletions (Aguirre et al. 2003; Hingorani et al. 2005; Bardeesy et al. 2006) . This may reflect the fact that the homozygous models develop multifocal tumors resulting in a rapidly lethal tumor burden, whereas the longer latency of heterozygous models affords the time for clonal maturation, progression, and metastasis. With respect to the impact of genotype on tumor histology, p53 deficiency is associated with a higher prevalence of well-differentiated ductal adenocarcinoma compared with the Ink4a/Arf-deficient animals (Hingorani et al. 2005; Bardeesy et al. 2006) . Conversely, undifferentiated sarcomatoid histology, a feature of the Ink/Arf model, is significantly reduced in p53-deficient models. In humans, ductal adenocarcinoma histology predominates, and the sarcomatoid subtype is an uncommon variant of PDAC with more aggressive clinical behavior, although having a comparable spectrum of genetic lesions. These mouse models collectively recapitulate these histologic variants, albeit at different frequencies from those seen in spontaneous human tumors. Overall, these observations suggest that tumor suppressor lesions influence the cell differentiation phenotypes of the resulting tumors.
Mouse models and insights into the PDAC cell of origin. The use of different approaches to express activated Kras in the pancreas or in specific pancreatic lineages has begun to provide insights into the PDAC cell of origin. As indicated above, in the case of the Pdx1-Cre LSL-Kras models, all pancreatic cells including islets and acinar cells harbor an activated Kras G12D allele and inactivating tumor suppressor mutations, yet the only neoplastic phenotype elicited is prominent PanINs and PDAC, while islet and acinar cancers are not observed.
Such observations favor the view that only certain cell types within the pancreas are susceptible to transforming effects of physiological Kras G12D expression. On the surface, such observations would favor the view of a ductal origin or possibly a centroacinar cell origin. At the same time, while PanINs may appear to arise from differentiated ducts, it is worth noting that the targeting of activated Kras to mature ductal cells using the cytokeratin-19 promoter failed to produce PanINs or PDAC, resulting, instead, in periductal inflammation (Brembeck et al. 2003) . In a separate set of experiments, elastasedirected activated Kras transgene expression in the acinar cells yielded a spectrum of neoplasms including acinar carcinomas and ductal lesions with resemblance to PanIN (Brembeck et al. 2003; Grippo et al. 2003) . A similar phenotype was observed with the targeting of Kras to the Mist1 locus, which is expressed at low levels early in pancreatic development and at higher levels in the adult acinar compartment (Tuveson et al. 2006 ). Taken together, these studies suggest that the ensuing Krasdriven neoplastic phenotypes are determined by the cell type, cellular differentiation state, and/or the level of Kras expression. The close recapitulation in the Pdx1-Cre LSL-Kras models of human PanIN to PDAC progression suggests that these mouse neoplasms may share a common cellular origin with the human counterpart, and, thus, a detailed analysis of incipient neoplasms in this model might provide insights into the cellular compartment(s) susceptible to transformation. It is tempting to speculate that the activation of Kras in all cell types within the pancreas using the Pdx1-driven Cre may target a uniquely susceptible cell compartment such as a pancreatic duct precursor cell, a centroacinar cell, or an as-yet-uncharacterized cell type.
Genomic instability profiles in GEM.
Widespread chromosomal instability is a defining characteristic of human PDAC. While the presence of such complex karyotypes in the vast majority of human carcinomas has long been documented, the pathogenetic significance in driving tumorigenesis and the underlying genome instability mechanisms are areas of ongoing study and discussion (Duesberg and Rasnick 2000; Rajagopalan and Lengauer 2004) . Origins of chromosomal instability in cancer are likely to include diverse defects in the mitotic spindle apparatus, various checkpoint pathways such as p53, telomere dysfunction, increased ROS, and DNA repair pathways such as nucleotide excision repair (NER) and nonhomologous end-joining (Sharpless et al. 2001b; Maser and DePinho 2002; Woo and Poon 2004; Cimini and Degrassi 2005; Kops et al. 2005) . The observation of polyploidy in association with aging and senescence and its observation in premalignant lesions have suggested that such an intermediate karyotype may play a role in the acquisition of aneuploidy (Storchova and Pellman 2004) . It is likely that a collusion of defects in many of the above pathways contribute to the rampant instability profile of human PDAC.
The recent genomic analyses, using both array-CGH studies and spectral karyotyping (SKY), have provided both quantitative and qualitative measures of genomic instability among several of the above-described mouse PDAC models. Importantly, these studies have suggested that some of the mechanisms driving genomic instability are present in these models (Schreiner et al. 2003; Hingorani et al. 2005; Bardeesy et al. 2006) . In general, all of the evaluated PDAC models have shown evidence of global genomic alteration, and the comparison of specific models has pointed toward possible influences of genotype on genomic stability. p53 mutant tumors demonstrate a modest increase in copy number alterations in comparison with PDACs arising on an Ink4a/Arf mutant background . In addition to these differences in overall genomic complexity among cohorts, the patterns of regional genomic changes fell into groups when analyzed by nonhierarchical clustering algorithms. Moreover, specific regions of alteration were associated with particular genotypes; tumors harboring p53 mutations showed frequent Myc amplifications, while those associated with Ink4a/Arf mutations showed highly recurrent Kras amplifications .
Defining the anatomy of genomic rearrangements by SKY analysis of mouse PDAC has documented chromosomal aberrations (e.g., NRTs, tetraploidy, and whole chromosomal gains and losses) reminiscent of the human cytogenetic profiles (Hingorani et al. 2005) . At the same time, it is worth noting that the absolute degree of chromosomal structural aberrations in the current collection of GEM appears less than that of human PDAC. Modeling genomic instability in other mouse cancer models has been achieved using engineered mutants with defects in several of these processes including DNA repair genes, checkpoint controls, and telomere maintenance. As we have speculated above, engineering telomere-based crisis into the various genetically engineered mouse models may prove useful in driving comparable levels of NRTs, amplifications, and deletions. Other key areas that merit further study for potential effects on genomic stability are the mitotic spindle dynamics, DNA repair mechanisms including mismatch repair and nonhomologous recombination, and the initiation of PDAC in older adult mice rather than in embryonic stages. The identification of syntenic regions of genomic gain and loss across mouse and human PDAC data sets may enhance cancer gene discovery efforts. Indeed, the use of cross-species comparison to discern a Kras oncogenic expression signature has offered support to this idea, demonstrating the utility of using murine tumors to uncover patterns of gene expression that are present in human cancers (Sweet-Cordero et al. 2005) .
Major challenges and opportunities in pancreas cancer
Important insights into PDAC biology have been made. A focus on familial and epidemiologic risk factors, pathologic progression, and molecular characterization has pointed toward key processes and pathways governing PDAC genesis and evolution. An increasing number of the genetic changes have been experimentally verified across a range of systems, and the recent development of mouse model systems has allowed for functional analysis of the various PDAC mutations in vivo. Important roles of developmental pathways, including Notch and SHH, have been identified and have pointed toward a possible cell of origin for the disease. Overall, the generation of robust model systems and the availability of comprehensive molecular profiles have created a strong foundation for ongoing discovery.
Key outstanding questions remain. In terms of basic biology, these include definitively establishing the cell(s) of origin, understanding the role of transdifferentiation, and the identification and definition of a cancer stem cell population in PDAC. In addition, the role of the mesenchyme and stroma, which influence pancreatic development and are prominent components of PDAC, must be defined. Progress in reducing the tremendous morbidity and mortality could come with ongoing efforts focused on understanding the biology of early disease states and identifying markers of disease. Along these lines, the research community should pay particular attention to the evolution of PanIN and other premalignant lesions into PDAC, focusing on critical shifts in the behavior of these lesions and how they relate to underlying molecular alterations, checkpoint responses, genomic complexity, and the activation of key signaling cascades. Linking such molecular processes that are indicative of a histopathologic stage of disease with a screening test (be it a molecular imaging reagent or proteomic marker present in serum) could have a profound impact on clinical practice and patient outcome.
The capacity to accurately model PDAC in the mouse has created the opportunity to study the biologic effect of cancer genes; to characterize genomic instability, angiogenesis, and the tumor microenvironment; and to provide insight into pathways and molecules that could serve as targets for therapy. Moreover, these models serve as a valuable resource to test candidate compounds for their therapeutic potential. The development of inducible PDAC models is an important priority. Studies of transgenic melanoma and lung adenocarcinoma models directed by inducible H-and K-ras alleles, respectively, have shown that sustained mutant RAS activity is necessary for both the initiation of tumorigenesis and for maintenance of the transformed state (Chin et al. 1999b; Fisher et al. 2001) . Existing evidence suggests that K-RAS is critical for PDAC maintanence. An inducible model could serve to validate this in vivo and uncover precisely how K-RAS may function to support advanced PDAC. Expression profiling analysis using such an inducible system could point toward downstream RAS effectors and potential therapeutic targets . Additionally, inducible model systems could provide serum proteomic profiles specifically regulated by K-RAS activity across the spectrum of disease states, from incipient PanIN, to PDAC, and ultimately metastatic disease. These could lead to the better selection of disease markers for future clinical screening tests.
Therapeutic options can be advanced through the development of drugs targeting key pathways and molecules. As discussed in detail, the inability to pharmacologically target K-RAS leaves the research community with known downstream pathways, supporting signaling networks, and large numbers of oncogene candidates. Presently known RAS effectors (MEK, PI3K components, etc.) (see Fig. 3 for further detail) and other relevant pathways including SHH and Notch have inhibitors in various stages of development. Multi-agent targeted combinations are likely to be required. The rational construction of such regimens will require consideration of disease biology as well as the understanding of how targets function in normal organisms. Mouse model systems may allow us to best address this preclinically, saving valuable resources for the clinical testing of those combinations most likely to benefit patients. Given the collusion of technologies across the spectrum of proteomic, molecular-genetic, imaging, and biologic fields, and the recent advances in PDAC research, the promise of scientific and medical progress appears to be within reach.
